Objective: To test the accuracy of measurement of interproximal peri-implant bone defects at titanium (Ti) and zirconium dioxide (ZrO 2 ) implants by digital periapical radiography (PR) and cone beam computed tomography (CBCT).
| INTRODUC TI ON
Peri-implantitis prevalence at 5-10 years was reported to range from 20% to 28% on subject level and from 10% to 12% on implant level, depending on the criteria applied for the analysis and the population under investigation (Atieh, Alsabeeha, Faggion, & Duncan, 2013; Mombelli, Muller, & Cionca, 2012) . In practice, when characteristic clinical signs such as increased probing pocket depth, concomitant bleeding, or suppuration on probing indicate the presence of peri-implant disease, a radiographic evaluation of the peri-implant bone level is recommended (Lindhe & Meyle, 2008) . The conventional intraoral periapical radiography (PR) is the most commonly used technique for the assessment of peri-implant bone. This imaging technique, however, is limited to two planes. Therefore, unfavorable marginal bone levels or the absence of osseointegration may be hidden by superimposition (Isidor, 1997) .
Cone beam computed tomography (CBCT) has the potential to overcome some of the limitations encountered with PR. It allows for the 3D examination of dental implants and their surrounding tissues.
Due to this advantage, CBCT became a widely used technique for the examination of facial and oral bone conditions at dental implants in clinical research Jung et al., 2013) . Drawbacks like the higher radiation dose and the increased costs in comparison to intraoral techniques, however, need to be mentioned in this context (Harris et al., 2012) . Another shortcoming of CBCT is its susceptibility to artifacts (Esmaeili, Johari, & Haddadi, 2013; Schulze et al., 2011; Schulze, Berndt, & d'Hoedt, 2010) . Particularly, radioopaque objects such as crowns and implants cause artifacts in CBCT and, therefore, hamper the diagnosis of potential bone defects in the adjacent areas. Schulze and colleagues analyzed CBCT artifacts induced by titanium implants embedded in dental stone. Artifacts were observed predominantly in the interproximal regions between the implants, rendering the evaluation of these areas very difficult (Schulze et al., 2010) . Blooming artifacts around implants may obscure most of the peri-implant area (Codari, de Faria Vasconcelos, Nicolielo, Haiter Neto, & Jacobs, 2017; Jacobs, Salmon, Codari, Hassan, & Bornstein, 2018) . Therefore, the question can be raised whether CBCT imaging represents an adequate technique for the detailed assessment of structures in the close proximity of dental implants.
The aim of this study was to test the accuracy of measurements of interproximal peri-implant defects at titanium (Ti) and zirconium dioxide (ZrO 2 ) implants by periapical radiography (PR) and cone beam computed tomography (CBCT).
| MATERIAL AND ME THODS

| Bone block models
A total of 18 models were prepared as follows: 100 g of white articulation cement (Artifix Artikulationsgips; Amann Girrbach AG, Pforzheim, Germany) and 20 g of sawdust, which has been previously colored with red ink (Pelikan AG, Hannover, Germany), were mixed with 30 ml of distilled water. After hardening, standardized models were ground under constant water-cooling into uniform blocks measuring 45 × 14 × 12 mm. Each of these models was allocated to receive one titanium implant (Straumann SLActive 4.1 × 8 mm;
Institut Straumann AG, Basel, Switzerland) and one zirconium dioxide implant (ceramic.implant by vitaclinical, 3.5 × 4.5 × 10 mm; VITA Zahnfabrik, Bad Säckingen, Germany) in a set distance of 25 mm. A precision drill and a parallelometer were used to prepare the two implant beds for receiving the Ti and the ZrO 2 implants according to the manufacturers' instructions. Thereafter, the implant beds were expanded, as applicable, to represent one of the following three defect configurations (six models each):
• Defect configuration A: No peri-implant defect (0 mm) was created for either implant type.
• Defect configuration B: A peri-implant defect of 1 mm for the Ti implant and 0.9 mm for the ZrO 2 implant was created.
• Defect configuration C: A peri-implant defect of 1.5 mm for the Ti implant and 1.4 mm the ZrO 2 implant was created.
| Determination of effective defect dimensions by caliper
Before insertion of the implants, the effective internal diameter of each defect was measured with a digital sliding caliper (American Dental Systems, Vaterstetten, Germany). The exact dimension was always determined at the widest circumference of the cervical third of the defect. Lastly, the two different implants were inserted in the center of their defect beds and were fixed herein with the help of dental wax (Dentsply, Ballaigues, Switzerland).
| Image acquisition
Each model was scanned once by means of conventional PR (Trophy Iris CCX; Trophy Radiologie, Kehl, Germany) and once by means of CBCT (KaVo 3D eXam; KaVo Dental AG, Biberach, Germany). For the scanning procedure, the study models were positioned on the accord- 
| Determination of defect dimensions on PR and CBCT scans
For the analysis of the PR scans, the defect measurement was performed using ImageJ software (NIH, USA, https://rsb.info.nih.gov/ ij/), while the CBCT scans were analyzed by Osirix software (Osirix Imaging Software; Pixmeo SARL, Bernex, Siwtzerland). Three blinded examiners performed all measurements twice with an interval of 3 weeks. The two measurements were averaged thereafter.
Lateral reconstructions perpendicular to the implant's longitudinal axis were used for the CBCT data evaluation. Defect measurements were always performed in mesio-distal direction at the largest defect circumference in the cervical third of the implant. They were carried out on both sides of the implant body to the respective defect wall, perpendicular to the implant's longitudinal axis (Figure 1 ).
These measurements of both sides of the implant were then added up and divided in half to compensate for any unintended implant tilting within the prepared implant bed.
| Determination of difference between effective and measured defect dimensions
For determining the difference between the effective (as determined by caliper) and the measured defect dimensions (as determined on PR/CBCT scans), that is the measurement accuracy, the radiographic defect measure was subtracted from the value determined by digital sliding caliper. Therefore, positive values indicate an overestimation, and negative values an underestimation of the true defect.
| Statistical analyses
For assessing the examiners' inter-rater reliability, the intraclass correlation (two-way, consistency) was calculated. Thereafter, the data were averaged over the three examiners to yield a mean difference between effective and measured defect, that is a mean measurement error per image taken. Descriptive statistics such as mean, standard deviation, median, and IQR were computed. The Wilcoxon signed-rank test was applied to evaluate differences between the two imaging techniques, splitted by defect type and implant material. Differences between the two implant materials were analyzed by the Wilcoxon rank sum test. Results of statistical analyzes with p-values smaller than 0.05 were considered to be statistically significant. All statistical analyses and plots were done with the statistical software R (R Core & Team, 2015) , including the irr and ggplot2 packages (Gamer, Lemon, & Fellow Puspendra Singh, 2012; Wickham, 2009 ).
| RE SULTS
Inter-examiner reproducibility was very good (Fleiss, 1981) , with an estimated intraclass correlation of 0.78. Intra-examiner reproducibility was also excellent in two of the three examiners and moderate in the third one with intraclass-correlations of 0.98, 0.99, and 0.54, respectively.
For PR, the average deviation of the defect width measurements for groups A, B, and C amounted to 0.01 ± 0.03, −0.02 ± 0.06, and −0.00 ± 0.04 mm at Ti implants and 0.05 ± 0.02, 0.01 ± 0.03, and 0.09 ± 0.03 mm at ZrO 2 implants. The corresponding values for CBCT amounted to 0.10 ± 0.11, 0.26 ± 0.05, and 0.24 ± 0.08 mm at Ti implants and 1.07 ± 0.06, 0.64 ± 0.37, and 0.54 ± 0.17 mm at ZrO 2 implants (Table 1, Figure 2 ). Measurements on the CBCT scans always led to an overestimation of the defect.
Measurements in PR were always significantly more accurate in comparison to CBCT (p ≤ 0.05) except for Ti and defect type A, where no significant difference between the two imaging techniques could be found (Table 2) . For Ti implants, the mean difference in the measurement error between PR and CBCT ranged from −0.09 to −0.28 mm. For ZrO 2 implants, the corresponding parameter ranged from −0.45 to −1.02 mm.
Measurements at Ti implants were generally more accurate in comparison to ZrO 2 implants (p ≤ 0.05) for both methods, except for PR and defect B, where the measurement error between the two materials was not significantly different (Table 3) . For PR, the mean difference in the measurement error between Ti and ZrO 2 ranged from −0.03 to −0.09 mm. For CBCT, the inaccuracy at ZrO 2 was considerably higher as compared to Ti implants (Table 3) . Thus, for CBCT, the mean difference in the measurement error between Ti and ZrO 2 ranged from −0.30 to −0.97 mm (Table 3) . It has been shown that in the interpretation of CBCT images, artifacts adjacent to Ti implants are a common finding that may hinder the correct interpretation of the peri-implant situation (Schulze et al., 
| D ISCUSS I ON
TA B L E 1 Results of the measurement error (in mm) for different imaging techniques, implant types, and defect widths
Two implant systems made from different materials, that is tita-
nium and zirconium dioxide were tested in this study. Titanium has been established as the preferred metal for dental implants owing to its unique mechanical properties as well as its high resistance to corrosion (Depprich et al., 2014) . Lately, zirconium dioxide got more popular as a biocompatible and aesthetical alternative because of its biophysical properties and white color. In addition to the mentioned characteristics, implant composition has a significant influence on radiographic image quality and artifact intensity. A recent publication which analyzed CBCT scans showed that ZrO 2 implants generate significantly more artifacts as compared to Ti or titanium-zirconium implants, which furthermore presented with an up to threefold intensity (Sancho-Puchades, Hämmerle, & Benic, 2015) . The results of the present investigation confirm these patterns. Measurements on ZrO 2 implants almost always presented with more inaccuracies than Ti implants. This finding was more pronounced on CBCT scans, where-irrespective of defect type-a clinically significant overestimation of defect dimensions of up to 1.1 mm was found.
The fact that this in vitro setup was based on the use of dental plaster models may be considered as a limitation of the present investigation. No attenuation material to mimic the soft tissues surrounding the dental implants was used. Further, block radiography is not the ideal precondition for CBCT analysis due to the lack of surrounding tissues as presumed by the reconstruction algorithm, which will lead to altered image quality, defect contrast, and artifact development. The clinical situation of conventional PR or CBCT scanning could therefore only be partially simulated. Nevertheless, previous studies which were looking at the accuracy of CBCT imaging also used some modification of block radiography such as bovine bone rips (Razavi, Palmer, Davies, Wilson, & Palmer, 2010) or mandibular plaster models (Schulze et al., 2010) . Reproducible settings as well as the homogenous structure of the dental plaster models allowed for repeated analyses by different examiners under similar conditions.
Another limitation of the present study was the difference of analyzed defect widths. These were not identical for Ti and ZrO 2 implants for defect configurations B (1 mm for the Ti and 0.9 mm for the ZrO 2 implant) and C (defect of 1.5 mm for the Ti and 1.4 mm the ZrO 2 implant). This fact was due to the investigation of implants of different design and diameter, which were inserted into predeter- however, that a significant decrease in artifact intensity is found with increasing distance from the implant surface (Benic et al., 2013) .
Therefore, this effect would have been minimal if at all recognizable.
Circumferential peri-implant defects are the most common finding in advanced peri-implant lesions. In this context, one of the main advantages of CBCT imaging is the ability to also depict the ves- shown that intra-operatively assessed peri-implant bone levels are similar at all circumferential positions around an implant (García-García, Mir-Mari, Benic, Figueiredo, & Valmaseda-Castellón, 2016) .
Furthermore, artefacts around implants in CBCT images are distributed according to a geometrical pattern with a similar circumferential presentation (Benic et al., 2013) . Therefore, if no interproximal peri-implant defects are recognizable on CBCT images, it can be assumed that the bone levels are similar on the buccal and lingual implant aspects. Considering the fact that PR still presents the gold TA B L E 3 Differences of the measurement error (in mm) between titanium and zirconium dioxide implants standard in the diagnostic of interproximal peri-implant defects, which also requires less radiation than CBCT imaging, one can derive the high importance of right indication setting.
In this investigation, inter-and intra-examiner reproducibility was found to be very good with a small range of differences amounting to approximately 0.07 mm for inter-examiner and 0.05 mm for intra-examiner data. Both were thus below the CBCT resolution of 0.25 mm and could therefore be assumed to be random. This finding suggests that the actual resolution for users may be better than the proclaimed 0.25 mm.
The described results may not be generalized, as CBCT scanners by different manufacturers with different spatial resolutions (voxel sizes), fields of view (FOV), patient positioning systems or duration of scan exist, which will influence the quality and interpretability of the scans (Razavi et al., 2010) . Therefore, guidelines for the use of diagnostic imaging in implant dentistry were published by the European Association for Osseointegration (EAO) with the aim of obtaining diagnostic information with as low as reasonably achievable (ALARA principle) radiation exposure (Harris et al., 2012) . In this publication, by decreasing the number of slices, increasing pitch and lowering mAs (Harris et al., 2012) . Future studies should focus on these important aspects, as radiation exposure to patients should always be kept as low as reasonably achievable. The benefits of radiographic investigations must at all times outweigh any potential risks to the patient.
| CON CLUS IONS
Within the limitations of the present in-vitro investigation, it can be concluded that:
• The assessment of interproximal peri-implant defect width at Ti and ZrO 2 implants is more accurate in periapical radiography in comparison to CBCT.
• Measurements in CBCT result in an overestimation of the defect size.
• Inaccuracies in the assessments of interproximal peri-implant defects on CBCT are more pronounced at ZrO2 implants as compared to Ti implants.
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